We developed an ultrasensitive bioluminescence assay of ATP by employing (i) adenylate kinase (ADK) for converting AMP þ ATP to two molecules of ADP, (ii) polyphosphate (polyP) kinase (PPK) for converting ADP back to ATP (ATP amplification), and (iii) a commercially available firefly luciferase. A highly purified PPK-ADK fusion protein efficiently amplified ATP, resulting in high levels of bioluminescence in the firefly luciferase reaction. The present method, which was approximately 10,000-fold more sensitive to ATP than the conventional bioluminescence assay, allowed us to detect bacterial contamination as low as one colonyforming unit (CFU) of Escherichia coli per assay.
ATP plays a central role in all aspects of metabolism, and therefore the development of methods to detect very low concentrations of ATP is very important in many areas of pure and applied biochemistry. The firefly luciferase-based (bioluminescence) assay for detection of ATP is a well-established technique 1) and has been used as a way to monitor the hygiene of food and nonfood contact surfaces rapidly.
2) The bioluminescence assay may also be used for warning and detection of a biological warfare attack.
3) This assay technique, however, has a detection limit of approximately 10 4 colonyforming units (CFUs) of Escherichia coli per assay (equivalent to approximately 10 À14 mol ATP), which is not sensitive enough for some industrial applications.
To increase the sensitivity of bioluminescence assay and its application to hygiene monitoring, several methods have been developed. [4] [5] [6] [7] [8] [9] Sakakibara et al., developed an effective method of treating biological samples with a combination of adenosine phosphate deaminase and apyrase to reduce extracellular ATP, which is a major impediment in improving the sensitivity of the bioluminescence assay for intracellular ATP. 4) The bioluminescence reaction degrades ATP to AMP. Therefore, enzymatic ATP cycling to convert AMP back to ATP with high-energy phosphoanhydride compounds increases the intensity of the luminescence by signal integration. 5, 6) The instrument has been improved too. For example, the MicroStarÔ-RMDS (Nihon Millipore, Tokyo, Japan) consists of a highly sensitive camera that detects bioluminescence and performs computer-driven data analysis. 7) Cells are trapped on a special membrane, and ATP is extracted by dispersing extraction reagent onto the membrane. Cell numbers are quantified by counting luminescence spots displayed on the monitor. 8) Very recently Sakakibara et al., have improved this filter-based bioluminescence assay to detect a single bacterial cell with the concomitant use of enzymes to reduce the extracellular ATP background, enzymatic ATP cycling, and the bioluminescence reaction.
9)
Based on the results of computer simulation, it has been proposed that ATP amplification using adenylate kinase (ADK) and pyruvate kinase has the potential to detect very low levels of ATP without using a photon detector as sensitive as described above. 10) Inorganic polyphosphate (polyP) is a linear polymer of many hundreds of phosphate residues linked by high-energy phosphoanhydride bonds. Its cellular function has recently been unveiled. 11) In this study we designed ATP amplification by employing (i) ADK as the first enzyme for converting AMP þ ATP to two molecules of ADP and (ii) polyP kinase (PPK) 12) as the second enzyme for converting ADP back to ATP using polyP (Fig. 1) . In this reaction, excess AMP and polyP were added to the reaction mixture to drive ADK and PPK equilibrium toward ADP and ATP formation respectively. The amplified ATP was then detected by bioluminescence in the firefly luciferase reaction. The present method, which was approximately 10,000-fold more sensitive to ATP than the bioluminescence assay without ATP amplification, allowed us to detect bacte- 
Materials and Methods
Enzyme preparation. Genes encoding E. coli PPK (ppk) 12) and ADK (adk) 13) were amplified by PCR with primers (GGATCTAGATGAATAAAACGGAGTAAA-AGT and GGAGGATCCGCCGCCGCCGCCTTCAG-GTTGTTCGAGTGATTT) for ppk and (GGAGGATC-CATGCGTATCATTCTGCTTGGC and GGAAAGCT-TGCCGAGGATTTTTTCCAG) for adk, respectively. Each of the amplified DNA fragments was inserted into pGEMT vector (Promega, Wisconsin, U.S.A.), and the resultant plasmids were designated pGEMTppk and pGEMTadk respectively. A fusion gene of ppk-adk in that order with a C-terminal His-tag was constructed by ligating a 2.1-kb XbaI and BamHI fragment of pGEMTppk, a 0.6-kb BamHI and HindIII fragment of pGEMTadk, and XbaI and HindIII digested pET vector (Stratagene, California, U.S.A). E. coli BL21 carrying the resultant plasmid pETppkadk was incubated in 2xYT medium 14) for 2 h, and then 1 mM IPTG was added to the growing culture. After 4 h of incubation, E. coli BL21 cells were harvested by centrifugation and suspended in a 20 mM phosphate buffer (pH 7) containing 0.5 M NaCl. Cells were lyzed with a B-PER reagent (Pierce, Illinois, U.S.A) and then treated with DNase and RNase in the presence of 1 mM phenylmethylsulfonyl fluoride. The supernatant was obtained by centrifugation, filtered through a 0.2-m membrane filter, and then applied to a Hitrap chelating column (Amersham Bioscience, Piscataway, U.S.A). The column was washed with 0.1 M pyrophosphate, 20 mM phosphate, and 0.5 M NaCl (pH 7.4). PPK-ADK fusion protein was eluted from the column with 20 mM phosphate, 0.5 M NaCl, 0.5 M imidazole, and 20% glycerol (pH 7.4). One unit of PPK synthesizes 1.0 mol of ATP from ADP and polyP per min at 37 C, while one of ADK produces 1.0 mol of ATP from ADP per min at 37 C. To remove ADP bound to PPK-ADK, 180 g of PPK-ADK was incubated with 1 mM polyP for 30 min at 37 C and then apyrase (200U) was added into the reaction mixture.
After 1 h incubation, PPK-ADK was purified again by using the Hitrap chelating column. One unit of apyrase liberates 1.0 mol of phosphate from ATP per min at 30 C.
ATP amplification and bioluminescence assay. ATP amplification was started by adding a 2-l ATP sample to 48 l of a reaction mixture containing 0.16 g of ADK-PPK, 10 M of AMP, 400 M of polyP, 8 mM MgCl 2 , and 60 mM Tris-HCl (pH 7.4). The reaction mixture was incubated at 37 C. After an appropriate period of incubation, a 5-l reaction mixture was sampled and mixed with 40 l of the ATP bioluminescence assay reagent (Roche, Basel, Switzerland). When the reaction reached equilibrium under these conditions, about 50% of the AMP was converted to ATP. The ATP sample from bacterial culture and water was prepared according to a protocol of the ATP bioluminescence assay (Roche). The E. coli culture (early stationary) was appropriately diluted with distilled water and heated at 100 C for 2 min to release ATP from the cells. Bioluminescence was measured by using a multiplate luminometer (Wallac, Massachusetts, U.S.A.).
Chemicals. AMP and ATP were purchased from Wako chemical (Osaka, Japan) and Sigma (Missouri, U.S.A.), respectively. AMP was further purified by using a SAX column (Tohso, Tokyo, Japan) with 0.2 M KCl and 1% EDTA (pH10) as a solvent. PolyP (average chain-length: 65) was purchased from Sigma. The bioluminescence assay kit (CLSII) containing luciferin and luciferase was purchased from Roche. Apyrase was purchased from Sigma.
Results and Discussion
ATP amplification by PPK-ADK A fusion protein of PPK and ADK with a C-terminal His-tag, designated PPK-ADK, was expressed and purified from E. coli recombinants. This fusion protein showed both ADK (43 U/mg) and PPK (38 U/mg) activities, generating ATP from AMP and polyP. Unexpectedly, however, ATP amplification was detected even when no exogeneous ATP was added to the reaction mixture (Fig. 2) . We found that ADP, which could be converted to ATP by PPK in the presence of polyP, bound to PPK-ADK even after the first purification. To eliminate ADP contamination, we treated PPK-ADK with polyP, and then with apyrase which is capable of degrading ATP to AMP. PPK-ADK was further purified with a chelating column (Hitrap chelating). The addition of 0.1 M pyrophosphate to a washing buffer was also effective to release ADP from PPK-ADK. The apyrase-treated PPK-ADK showed both ADK and PPK activities. After this treatment, ATP amplification was not observed for at least the initial 60 min if exogenous ATP was not added to the reaction mixture (Fig. 2) . ADK, PPK, AMP, and excess polyP were prepared in the reaction mixture. ATP amplification started when ATP was added to the reaction mixture and ended when endogenous AMP was converted to ATP.
Ultrasensitive bioluminescence assay
The highly purified PPK-ADK successfully amplified ATP depending on its initial concentration (Fig. 3A) . The ATP amplification for 60 min prior to the bioluminescence assay enabled us to detect ATP as low as 10 À18 mol, while the conventional bioluminescence assay requires ATP as high as 10 À14 mol to detect bioluminescence (Table 1) . Thus, the sensitivity of the bioluminescence assay was increased approximately 10,000-fold by ATP amplification.
Detection of E. coli
The E. coli culture (early stationary) was appropriately diluted with distilled water and heated to 100 C for 2 min to release ATP from the cells. After heating, the suspensions were subjected to the ultrasensitive bioluminescence assay. High levels of bioluminescence were detected, depending on the bacterial numbers subjected to the assay (Fig. 3B) . The levels of luminescence were drastically increased by ATP amplification (Table 2) . Without ATP amplification, several 10,000 CFUs of E. coli cells were necessary for the detection of significant levels of bioluminescence. On the other hand, the present technique enabled us to detect as little as one CFU of E. coli per assay ( Table 2 ). The intracellular levels of ATP in viable E. coli cells were reported as approximately 7 mol/g dry cell. Fig. 2 . Removal of ADP from PPK-ADK by Apyrase Treatment.
15)
Before and after apyrase treatment, 0.16 g of ADK-PPK was added to a reaction mixture containing 10 M of AMP, 400 M of polyP, 8 mM MgCl 2 , and 60 mM Tris-HCl (pH 7.4). Five l of the reaction mixture was sampled and mixed with 40 l of ATP bioluminescence assay reagent (Roche). Bioluminescence was measured by using a multiplate luminometer. (A) The amount of ATP that was initially present in the 5-l reaction mixture is indicated. (B) E. coli cells (early stationary, 2:0 Â 10 9 CFU/ ml) were appropriately diluted. The cell suspensions (500 l) were mixed with a 500-l lysis-buffer (Bioluminescence assay, Roche) and then incubated at 100 C for 2 min. Heated samples (2 l) were subjected to ATP amplification before the bioluminescence assay. The number of E. coli (CFU) that were present in the 5-l reaction mixture of ATP amplification is indicated. Since the dry weight of one E. coli cell is approximately 2:8 Â 10 À13 g, 16) it can be estimated that E. coli contains approximately 2 Â 10 À18 ATP per cell. This level of ATP is almost equal to that of the detection limit of our ultrasensitive bioluminescence assay.
Application to hygiene monitoring
To further examine the sensitivity of our assay for bacterial contamination, an E. coli cell suspension was spread on a polystyrene petri dish, air-dried, and then swabbed with a cotton swab. Since commercially available cotton swabs contain significant levels of ATP, the swabs were autoclaved at 121 C for 75 min to decompose ATP to AMP. The sample swabbed from a surface area of 4 cm 2 was dipped into a lysis buffer (Roche) in a plastic tube and then heated to 100 C for 2 min to release ATP from the cells. Swab monitoring coupled with the ultrasensitive bioluminescence assay enabled us to detect approximately 12 CFUs of E. coli/ cm 2 (data not shown). We also examined the sensitivity of our assay for detecting bacterial contamination in drinking water. Water samples were heated to 100 C for 2 min in a plastic tube and then subjected to our assay. It enabled us to detect bacterial contamination in drinkable tap water at levels at which the conventional bioluminescence assay failed to detect contamination (Table 3) . Bacterial contamination of tap water has been reported occasionally. 17) As shown in Table 3 , our assay allowed us to detect bacterial contamination of one CFU per ml within 60 min. The conventional method using a nutrient agar medium typically requires several days to detect bacterial contamination (Table 3) .
In the dairy industry, a rapid and reliable test for bacterial contamination in raw milk has been sought, because such contamination often causes extensive damage. We therefore examined the sensitivity of our assay for detecting Staphylococcus aureus in milk. The growing culture of S. aureus was appropriately diluted and added to milk. To remove non-bacterial ATP derived from mammary gland and somatic cells, the milk was first passed through a 0.45-m membrane filter. The membrane filter was then washed with a solution containing 0.2% Triton X-100 to disrupt somatic cells but not S. aureus.
18) Then the membrane filter was dipped into a lysis buffer (Roche) and heated to 100 C for 2 min, and then subjected to bioluminescence measurement. Our assay increased sensitivity in the detection of S. aureus in milk approximately 10,000-fold compared with that of the conventional bioluminescence assay, and enabled us to detect 75 CFUs of S. aureus per 0.5-ml of milk (data now shown).
Concomitant use of ATP cycling and the bioluminescence assay increases luminescence by signal integration without forfeiting the linear correlation between luminescence and ATP concentration. 5, 6) But at the same time, the background noise (dark current) also increases. On the other hand, ATP amplification before the bioluminescence assay increased the luminescence without signal integration, thus increasing the sensitivity of the bioluminescence assay for ATP dramatically. But the significant linear correlation between luminescence and ATP concentration was not observed. Hence it may be difficult to enumerate cells precisely by the ATP amplification method. The rate of amplification in ATP amplification depends mostly on the amount of initial AMP that is converted to ATP after amplification. Therefore it is possible to amplify very low levels of ATP extracted from a single bacterial cell to high levels The E. coli culture (early stationary) was appropriately diluted with distilled water and heated to 100 C for 2 min to release ATP from the cells. ATP amplification was performed for 60 min prior to the bioluminescence assay.
The luminescence values are the means AE standard deviations of three separate measurements. Heated water samples (2 l) were subjected to ATP amplification for 60 min. Tap water I was supplied from a public waterworks (Hiroshima, Japan). Tap water II was supplied from the waterworks at Hiroshima University. a Bottled water was purchased commercially. b Sterilized water was prepared by autoclaving distilled water at 121 C for 75 min. c Pond water was sampled at Hiroshima University. d One ml of a water sample was spread on a nutrient agar plate (1.6 g of tryptone, 1 g of yeast extract, 0.5 g of NaCl, and 15 g of agar per liter). CFU was determined by counting a colony formed on the nutrient agar plate after 3 d of incubation at 28 C.
that we can detect without using a sensitive photometer.
In conclusion, we have demonstrated for the first time that ATP amplification increased the sensitivity of the bioluminescence assay by approximately 10,000-fold. This ultrasensitive bioluminescence assay is applicable to the detection of bacterial contamination at very low levels in a wide range of hygiene monitoring tasks.
